Introduction {#S0001}
============

Bacterial resistance to conventional antimicrobials is increasing year after year and is a global health emergency.[@CIT0001] Biofilm formation is a common mechanism to overcome the activity of antimicrobials and the host immune response. Due to treatment difficulties, biofilm-associated infections have led to significant rates of morbidity and mortality among the community and the health-care settings.[@CIT0002],[@CIT0003] Hence, developing safe alternate therapies with diverse mechanisms of action research is urgently needed.[@CIT0004]--[@CIT0006]

Antimicrobial peptides (AMPs) are immune effector molecules that are being considered as potential alternatives for conventional antimicrobial agents. AMPs demonstrate multiple mechanisms of action, including formation of transmembrane pores, which lead to lysis of microorganisms, the deterioration of bacterial viability by interfering with cell wall biosynthesis,[@CIT0007],[@CIT0008] the disruption of biochemical processes, and enhancement and activation of the immune response. Some AMPs are effective against biofilm and multi-drug resistant (MDR) bacteria, with rapid killing kinetics.[@CIT0009] Hence, AMPs have advantages over antimicrobial agents, as the bacteria are less likely to produce and transfer resistance genes against the peptides.[@CIT0007]

Most AMPs are cationic peptides with an amphipathic structure that selectively targets bacterial membranes via electrostatic forces.[@CIT0010] WLBU2 is a 24-residue engineered cationic amphipathic peptide (eCAP) that consists of only three types of amino acids: tryptophan, valine, and arginine. The WLBU2 sequence was rationally designed by amino acid substitutions from precursor peptides to have an ideal amphipathic helix conformation to maximize antimicrobial properties, while minimizing epithelial cell cytotoxicity.[@CIT0011]--[@CIT0013]

*Acinetobacter baumannii* is a significant Gram-negative MDR pathogen associated with urinary tract infections, pulmonary infections, wound infection, and infections of other tissues and organs. *A. baumannii* has the ability to form biofilms, leading to increased virulence.[@CIT0014],[@CIT0015] *Klebsiella pneumoniae* is a Gram-negative, encapsulated, opportunistic pathogen associated with pneumonia, meningitis, urinary tract infections, sepsis, and surgical wound site infections. *K. pneumoniae* is the main cause of health care-associated *Klebsiella* infections, mostly involving the respiratory and urinary tracts.[@CIT0016]

This study provides insights on the activity of WLBU2 against planktonic and biofilm-producing MDR *A. baumannii* and *K. pneumoniae*, and in combination with classical antimicrobial agents. This study also examined the potential toxicity of WLBU2-antimicrobials combinations on human skin fibroblast cells and Vero cells, and the ability of WLBU2 to bind bacterial DNA. The findings pave the way for future investigations that can potentially culminate in the development of treatments for difficult to treat and biofilm-associated infections.

Materials and methods {#S0002}
=====================

The study was approved by Jordan University of Science and Technology (JUST) research committee. Requirement for approval by the institutional review board of JUST was waived as the study did not involve the study of human subjects, human data or tissue, or animals.

Bacterial strains {#S0002-S2001}
-----------------

Forty-three *K. pneumoniae* (n=24) and *A. baumannii* (n=19) clinical isolates, which were previously isolated and stored at −80°C from four major hospitals in Jordan were utilized in this study. All isolates had an MDR phenotype (resistance to at least three antimicrobial agent classes; data not shown). Six *A. baumannii* and *K. pneumoniae* control strains obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) were also included ([Table 1](#T0001){ref-type="table"}). Table 1ATCC strains utilized in the studySpeciesATCC numberCharacteristics*Acinetobacter baumannii*BAA-1605Resistance to ceftazidime, gentamicin, ticarcillin, piperacillin, aztreonam, cefepime, ciprofloxacin, imipenem, and meropenem. Susceptible to amikacin and tobramycin19606Quality control strain*Klebsiella pneumoniae*BAA-2146Quality control strainBAA-1705Carbapenem-resistant (imipenem and ertapenem)BAA-1706Quality control strain700603Control for extended beta-lactamase productionQuality control strain.[^1]

WLBU2 {#S0002-S2002}
-----

WLBU2 is a peptide consisting of 24-amino acid residues. The amino acid sequence is (RRWVRRVRRWVRRVVRVVRRWVRR). The molecular weight is 3398 g/mol (\~3400 g/mol). WLBU2 was synthesized by GL Biochem (Minhang Qu, Shanghai Shi, People\'s Republic of China). Synthesis was based on the solid phase method and standard Fmoc chemistry. The confirmation and purification of the synthesized peptide was performed by mass spectrometry and HPLC. The purity was 95.71%. WLBU2 concentration conversion from µM to µg/mL can be done by multiplying the value in µM by (3.4).

Antimicrobial agents {#S0002-S2003}
--------------------

Four antimicrobials (Cayman Chemicals, Ann Arbor, MI, USA) were used for susceptibility tests. Imipenem and tobramycin were utilized for *A. baumannii* experiments, while amoxicillin/clavulanate and ciprofloxacin were utilized for *K. pneumoniae* experiments. The antimicrobial agent choices were based on the recommendations by the Clinical and Laboratories Standards Institute (CLSI) antimicrobial susceptibility testing standards, 26th edition (2016).

Cell lines {#S0002-S2004}
----------

Eukaryotic cell viability experiments utilized Vero cells (African green monkey kidney epithelial cells; ATCC CCL-81) and human skin fibroblast cells (ATCC PCS-201--012). Both cell lines were obtained from the ATCC.

Quantitative biofilm formation assay {#S0002-S2005}
------------------------------------

The 96-well tissue culture plate method was utilized for quantitative evaluation of biofilm formation as described previously with modifications.[@CIT0017] Briefly, the clinical isolates and ATCC strains were subcultured from frozen glycerol stock onto nutrient agar to obtain pure-well isolated colonies. Next, two to three colonies were inoculated in 10 mL of trypticase soy broth with 1% glucose. The broth cultures were incubated at 37°C for 24 hrs and were diluted 1:100 with fresh medium. Individual wells of a sterile 96-well plate were filled with 200 µL of the diluted cultures. Negative control wells contained sterile broth media. The microtiter plate was incubated for 24 hrs at 37°C. The contents of each well were discarded by inversion and gentle tapping on absorbent paper towels, and the wells were washed with 200 μL of PBS (pH 7.2) three to four times to remove free-floating planktonic bacteria. Next, 200 μL of 0.1% crystal violet solution in water were added per well for 30 mins at room temperature to stain the biofilms. The plate was rinsed with deionized water to remove excess stain. Finally, 200 μL of absolute ethanol were added to each well to solubilize the stain. Absorbance at 575 nm (OD~575~) was measured for each well to obtain quantitative data on biofilm formation, using an Epoch ELISA plate reader (BioTek, Winooski, VT, USA).

The test was carried out in duplicates and the average was calculated for each bacterial strain. The cutoff optical density (ODc) for biofilm formation was defined as three standard deviations above the mean OD of the negative control. Optical density data were interpreted according to [Table 2](#T0002){ref-type="table"}. Table 2Interpretation of optical density data for detection of biofilm formationAverage OD valueInterpretationOD≤ODcNo biofilm formationODc\<OD≤2xODcWeak biofilm formation2xODc\<OD≤4xODcModerate biofilm formation4xODc\<ODStrong biofilm formation[^2]

Minimum inhibitory and bactericidal concentrations of WLBU2 against planktonic bacteria {#S0002-S2006}
---------------------------------------------------------------------------------------

To determine the lowest concentration of WLBU2 required to inhibit visible growth of the microorganisms, WLBU2 was dissolved in PBS (pH=7.3) to achieve 100 µM or 340 µg/mL. The peptide was serially diluted twofold from 100 to 1.563 µM or 340 to 5.313 µg/mL. The clinical isolates and ATCC strains were cultured in sterile Muller-Hinton broth (MHB) (Oxoid, Basingstoke, Hampshire, UK), incubated aerobically overnight, and diluted with fresh MHB media to reach 10^6^ CFU/mL. Next, 50 μL of the respective peptide concentrations and 50 µL of bacterial suspension were added to wells of sterile 96-well polypropylene microtiter plates. Plates were incubated at 37°C for 20 hrs in a humidified incubator. The minimum inhibitory concentration (MIC) of the peptide capable of inhibiting visible bacterial growth was quantitatively determined by measuring OD~600~ for each well using an Epoch ELISA plate reader (BioTek). All MIC determinations were made in triplicate. Sterile MHB (Oxoid) was used as negative control. Wells having bacteria alone without the peptide served as positive controls.[@CIT0019]

The minimum bactericidal concentration (MBC) of WLBU2 needed to kill ≥99.9% of bacteria was determined by inoculating 10 μL from the wells demonstrating the MIC concentration or higher, on Muller-Hinton agar (Oxoid) (incubated for 24 hrs at 37°C) to count viable cells. The lowest concentration that led to ≥99.9% decrease in CFUs/mL was considered the MBC.

MIC of antimicrobial agents {#S0002-S2007}
---------------------------

The minimum concentration capable of inhibiting visible bacterial growth was determined for each antimicrobial agent. A specific weigh for each antimicrobial agent was dissolved in PBS (pH =7.3) to yield stock concentrations. The stock concentrations corresponded to the upper limits of MIC values as indicated by CLSI antimicrobial susceptibility testing guidelines (2016). Bacterial density was fixed to approximately 10^6^ CFU/mL. Next, 50 μL of the bacteria were added to wells having 50 μL of each antimicrobial agent concentration (twofold serial dilution) in 96-well plates, and the plates were incubated aerobically overnight at 37°C. The MIC values were determined by measuring OD~600~ using an Epoch ELISA plate reader (BioTek).

Synergism between WLBU2 and antimicrobial agents against planktonic bacteria {#S0002-S2008}
----------------------------------------------------------------------------

Briefly, 25 μL of the WLBU2 at its sub-MIC level for each respective isolate (ie, concentration=25% of MIC) was added to a 50 μL inoculum of 10^5^ CFU/mL planktonic bacteria, in respective wells of a 96 well microtiter plates, in triplicates. Next, serial dilutions of the antimicrobial agents at 25 μL volumes were added to the wells, and the plates were incubated at 37°C for 24 hrs. Absorbance was measured as an indicator of growth inhibition (OD~600~) using an Epoch ELISA plate reader (BioTek).[@CIT0020] The CLSI, 2016 concentration values for resistance, intermediate susceptibility, and susceptibility, respectively, in μg/mL were 128, 64, and 32 for amoxicillin-clavulanate, 16, 8, and 4 for ciprofloxacin, 64, 32, and 16 for tobramycin, and 32, 16, and 8 for imipenem.

Minimum biofilm eradication concentration (MBEC) of WLBU2 against biofilm-forming bacteria {#S0002-S2009}
------------------------------------------------------------------------------------------

The Calgary biofilm device (Innovotech, Edmonton, Alberta, Canada) method is a reliable assay of biofilm formation. In this study, the Calgary biofilm device was used to determine WLBU2's MBEC against ATCC strains and several representative biofilm-forming clinical isolates. Briefly, 150 µL of bacterial suspensions having a density of 10^5^ CFU/mL were transferred into wells of a 96-well MBEC plate. Next, the plate's lid having the pegs was placed, and the plate was put on a platform shaker incubator set at 110 rpm and 37ºC for 20 hrs, to allow for biofilm formation on lid pegs. Negative control wells had 150 µL of sterile MHB (Oxoid, ). Following incubation, the lid pegs were washed three times with sterile PBS to remove non-adherent cells.

Next, a challenge plate was prepared by transferring 200 µL of each WLBU2 concentration (twofold serial dilutions made in PBS) to respective wells of the plate. Next, lid pegs were placed, and the plate was incubated at 37ºC for 18 hrs. The lid pegs were subsequently placed into a recovery plate, containing fresh MHB (Oxoid) and the plate was sonicated for 30 mins in a water bath. Finally, the plate was incubated with the lid pegs at 37ºC for 20 hrs. To determine MBEC values, growth in each well was determined by measuring OD~600~ using an Epoch ELISA plate reader (BioTek). The MBEC value for each strain corresponded with the lowest WLBU2 concentration resulting in growth inhibition. All samples were run in triplicates.

Antimicrobial agents' MBEC in the presence of WLBU2 at sub-MBEC {#S0002-S2010}
---------------------------------------------------------------

The experiment was performed as described for the MBEC assay above with the following changes: the challenge plate was prepared by adding 25 μL of WLBU2 at its sub-MBEC level for each respective isolate (ie, concentration=25% of MBEC) in respective wells of 96-well microtiter plates. Next, 25 μL of serial dilutions of the antimicrobial agents were added, and the plates were incubated at 37°C for 24 hrs. The MBEC values for the antimicrobial agents corresponded with the lowest concentration that resulted in growth inhibition. All samples were run in triplicates.

Cell viability assay {#S0002-S2011}
--------------------

The MTT assay was used to assess potential reduction in cell viability after treatment of eukaryotic cells with WLBU2 alone and in combination with antimicrobial agents. Briefly, Vero cells and human skin fibroblasts were seeded in a flat-bottomed 96-well plate at 5000 cells (in 100 μL) per well, and incubated at 37ºC for 24 hrs under 5% CO~2~. Next, medium was removed, and 100 μL of fresh media containing different concentrations of the WLBU2 alone or in combination with the antimicrobial agents at the indicated CLSI resistance cutoff values were adder per respective wells. The plates were incubated at 37ºC for 24 hrs, and medium was replaced with fresh medium containing 30 μL (2.5 mg/mL) MTT solution (Sigma-Aldrich, St. Louis, MO, USA). The plate was incubated for 4--6 hrs at 37°C, under 5% CO~2~. After medium/MTT was removed, 100 μL DMSO were added to dissolve the formazan crystals. Cell survival rates were calculated by measuring absorbance at 540 nm using an Epoch ELISA plate reader (BioTek). Medium without treatment was used for the positive control wells. All tests were run in triplicates.

The true relative value of viable cells was calculated using the equation: (Sample A~570~-Background A~650~)/(Control A~570~-Background A~650~)×100.

DNA binding assay {#S0002-S2012}
-----------------

The ability of the WLBU2 to bind bacterial plasmid DNA was investigated using the electrophoretic mobility shift assay. In brief, various concentrations of WLBU2 (range: 200--1.563 µM or 680--5.313 µg/mL) were incubated with 250 ng of bacterial plasmid DNA (pUC19; 2686 base pairs, NEB, USA) in 30 μL binding buffer (10 mM Tris-HCl and 1 mM EDTA buffer, pH 8.0) at room temperature for 30 mins. After incubation, 20 μL of the mixture were analyzed by electrophoretic separation on 1.5% agarose gel. Each gel also included 7 μL of 1 Kb DNA ladder (NEB, USA) per well. DNA migration was visualized by ethidium bromide staining followed by UV transillumination.[@CIT0004]

Data analysis {#S0002-S2013}
-------------

Data analysis was performed using Microsoft Excel version 2016 (Microsoft, Redmond, Washington, USA) and GraphPad Prism version 6.05 (GraphPad Software, San Diego, CA, USA). All values represent means of multiple runs.

Results {#S0003}
=======

Quantitative biofilm detection using 96-well plate assay {#S0003-S2001}
--------------------------------------------------------

Four *K. pneumoniae* clinical isolates (ID\# 6, 12, 18, and 20) were moderate biofilm producers, while the remaining 20 isolates and all 19 *A. baumannii* clinical isolates were strong biofilm producers. *K. pneumoniae* ATCC strains (BAA-2146, BAA-1706 and 700603) were strong biofilm producers, while BAA-1705 showed moderated biofilm production. *A. baumannii* ATCC strains 19606 showed moderate biofilm production, while BAA-1605 showed strong biofilm production.

MIC and MBC for WLBU2 against planktonic bacteria {#S0003-S2002}
-------------------------------------------------

MIC and MBC values were identical for each respective isolate and control strain ([Table 3](#T0003){ref-type="table"}). MIC/MBC values for WLBU2 ranged from 3.125 to 12.500 µM or 10.625 to 42.500 µg/mL for *K. pneumoniae* clinical isolates (mean=7.943 µM or 27.006 µg/mL), and 1.563 to 12.500 µM or 5.313 to 42.500 µg/mL for *A. baumannii* clinical isolates (mean=7.484 µM or 25.446 µg/mL). Table 3MIC and MBC results of WLBU2 against study isolates*K. pneumoniae* ID\#*A. baumannii* ID\#MIC/MBC value (µM; \[µg/mL\])--361.563 \[5.313\]2, 4, 8, 16, 2332, 38, 413.125 \[10.625\]ATCC BAA-2146, ATCC BAA-1705, ATCC BAA-1706ATCC BAA-1605ATCC 196061, 5--7, 10, 12, 17, 18, 20, 2126, 28, 29, 31, 34, 35, 37, 39, 426.250 \[21.250\]ATCC 7006033, 9, 11, 13--15, 19, 22, 2425, 27, 30, 33, 40, 4312.500 \[42.500\][^3]

MIC of antimicrobial agents {#S0003-S2003}
---------------------------

[Table 4](#T0004){ref-type="table"} summarizes the MIC values of the study isolates and control strains against antimicrobial agents. Table 4Study isolates' MIC values against antimicrobial agentsSpeciesAntimicrobial agentIsolate ID\# (MIC value)SusceptibleIntermediateResistant*K. pneumoniae*Amoxicillin-clavulanate----8, 12, ATCC 700603 (32 μg/mL)1--7, 9--11, 13--24 (\>32 μg/mL)Ciprofloxacin12, ATCC 700603 (1 μg/mL)--7, ATCC BAA-1706 (8 μg/mL)1--6, 8--11, 13--24 (\>8 μg/mL)*A. baumannii*TobramycinATCC 19606 (4 μg/mL)ATCC BAA-1605 (MIC =8 μg/mL)36, 43 (16 μg/mL)25--35, 37--42 (\>16 μg/mL)ImipenemATCC 19606 (2 μg/mL)--26, 30, ATCC BAA-1605 (8 μg/mL)\
25, 27--29. 31--43 (\>8 μg/mL)[^4]

Synergistic activity of WLBU2 at 25% MIC with antimicrobial agents against planktonic bacteria {#S0003-S2004}
----------------------------------------------------------------------------------------------

Bacterial isolates that demonstrated intermediately susceptible or resistant MIC values against antimicrobial agents were utilized for potential synergistic activity testing between WLBU2 at its sub-inhibitory concentration (25% of WLBU2 MIC for each respective isolate), with antimicrobial agents at different concentrations. Results are indicated in [Table 5](#T0005){ref-type="table"}.Table 5Result of synergistic testing between sub-inhibitory WLBU2 concentrations and antimicrobial agents for planktonic cellsSpeciesAntimicrobial agentIsolate ID\#MIC of antimicrobial agent alone (μg/mL)Synergism testConcentration of WLBU2 used for synergism test (µM; \[μg/mL\])Observed antimicrobial agent MIC (μg/mL) in presence of WLBU2Synergism observed (interpretation)*K. pneumoniae*Amoxicillin-clavulanate8320.781 \[2.655\]\>32No12321.563 \[5.314\]8Yes (susceptible)ATCC BAA-2146\>320.781 \[2.655\]\>32NoATCC BAA-1705\>320.781 \[2.655\]16Yes (intermediate)ATCC BAA-1706\>320.781 \[2.655\]\>32NoATCC 700603321.563 \[5.314\]\>32NoCiprofloxacin781.563 \[5.314\]2Yes (intermediate)BAA-2146\>40.781 \[2.655\]\>4NoBAA-1705\>40.781 \[2.655\]\>4NoBAA-170680.781 \[2.655\]4Yes (resistant)*A. baumannii*Tobramycin36160.391 \[1.329\]\>16No43160.781 \[2.655\]\>16NoATCC BAA-160580.781 \[2.655\]\>16NoImipenem2681.563 \[5.314\]8No3080.781 \[2.655\]2Yes (susceptible)ATCC BAA-160580.781 \[2.655\]4Yes (intermediate)[^5]

Overall, synergism was observed for *K. pneumoniae* between WLBU2 and amoxicillin-clavulanate in two instances of six, and for ciprofloxacin in two instances of four. Synergism was observed for *A. baumannii* between WLBU2 and tobramycin in none of the three instances, and for imipenem in two instances of three.

MBEC {#S0003-S2005}
----

MBEC testing was done for WLBU2 alone, followed by synergy testing between WLBU2 at 25% of MBEC values combined with antimicrobial agents at different concentrations. The tests were done for all ATCC strains and for representative clinical isolates that demonstrated synergism between WLBU2 (at sub-MIC values for planktonic cells) and the antimicrobial agents. Results are indicated in [Table 6](#T0006){ref-type="table"}.Table 6MBEC results of WLBU2 alone, and of antimicrobial agents in combination with sub-MBEC WLBU2 concentrationsSpeciesAntimicrobial agentIsolate ID\#MBEC of WLBU2 alone (µM; \[μg/mL\])Synergism testConcentration of WLBU2 used for synergism test (µM; \[μg/mL\])Observed antimicrobial agent MBEC(μg/mL) in presence of WLBU2Synergism observed (interpretation)*K. pneumoniae*Amoxicillin-clavulanate12100 \[340\]25 \[85\]8Yes (susceptible)ATCC BAA-2146\>200 \[\>680\]50 \[170\]8Yes (susceptible)ATCC BAA-170525 \[85\]8.125 \[27.625\]8Yes (susceptible)ATCC BAA-1706100 \[340\]25 \[85\]8Yes (susceptible)ATCC 700603\>200 \[\>680\]50 \[170\]8Yes (susceptible)Ciprofloxacin750 \[170\]12.500 \[42.500\]1Yes (susceptible)BAA-2146\>200 \[\>680\]50 \[170\]1Yes (susceptible)BAA-170525 \[85\]8.125 \[27.625\]4NoBAA-1706100 \[340\]25 \[85\]1Yes (susceptible)ATCC 700603\>200 \[\>680\]50 \[170\]1Yes (susceptible)*A. baumannii*TobramycinATCC BAA-160550 \[170\]12.500 \[42.500\]8Yes (intermediate)ATCC 1960650 \[170\]12.500 \[42.500\]8Yes (intermediate)Imipenem30100 \[340\]25 \[85\]2Yes (susceptible)ATCC BAA-160550 \[170\]12.500 \[42.500\]2Yes (susceptible)ATCC 1960650 \[170\]12.500 \[42.500\]2Yes (susceptible)[^6]

The ability of WLBU2 alone to eradicate biofilms was assessed against *K. pneumoniae* clinical isolates 7 and 12, and *A. baumannii* clinical isolate 30. The measured MBEC values were 100 µM (340 µg/mL), 50 µM (170 µg/mL), and 100 µM (340 µg/mL), respectively. MBEC values ranged from 25 to \>200 µM or 85 to \>680 µg/mL for *K. pneumoniae* ATCC strains and were 50 µM or 170 µg/mL, for each of the two *A. baumannii* ATCC strains ([Table 6](#T0006){ref-type="table"}).

MBEC values were also determined for amoxicillin-clavulanate, ciprofloxacin, tobramycin, and imipenem, when combined with WLBU2 (at 25% MBEC). WLBU2 demonstrated synergism against *K. pneumoniae* in four of four instances when combined with amoxicillin-clavulanate, and in three of four instances when combined with ciprofloxacin. WLBU2 demonstrated synergism against *A. baumannii* in two of two instances when combined with tobramycin, and in three of three instances when combined with imipenem.

Cytotoxicity tests {#S0003-S2006}
------------------

Vero cells and human skin fibroblast were used in MTT assays for viability testing of WLBU2 alone (at 1.563--200 µM or 5.313--680 µg/mL) ([Figure 1](#F0001){ref-type="fig"}), and of WLBU2 at 25 µM (85 µg/mL) or 12.500 µM (42.5 µg/mL) combined with antimicrobial agents at different concentrations ([Figure 2](#F0002){ref-type="fig"}).Figure 1Viability of Vero cells and human skin fibroblasts exposed to WLBU2. Vero cells or human skin fibroblasts were incubated with different concentrations of WLBU2 or media alone (control) for 24 hrs. Cell viability was determined using the MTT assay. Experiments were run in triplicates. Bars represent means±standard error of the mean. WLBU2 concentrations in µM correspond to 5.313, 10.625, 21.250, 42.500, 85, 170, 340, 680 µg/mL, respectively.Figure 2Viability of Vero cells and skin fibroblasts exposed to WLBU2 combined with antimicrobial agents. Vero cells or human skin fibroblasts were incubated with WLBU2 at 12.500 µM (42.5 µg/mL) or 25 µM (85 µg/mL) combined with antimicrobial agents at the indicated concentrations for 24 hrs. Cell viability was determined using the MTT assay. Experiments were run in triplicates. Bars represent means±standard error of the mean.

Vero cells and human skin fibroblasts were viable at WLBU2 concentrations ≤3.125 µM (10.625 µg/mL) and ≤12.500 µM (42 µg/mL), respectively ([Figure 1](#F0001){ref-type="fig"}). Both cell types showed markedly reduced cell viability when WLBU2 was tested in combination with antimicrobial agents at all tested concentrations ([Figure 2](#F0002){ref-type="fig"}).

DNA binding assay {#S0003-S2007}
-----------------

WLBU2 did not demonstrate DNA binding ability when tested with pUC19 plasmid DNA ([Figure 3](#F0003){ref-type="fig"}). Figure 3Representative gel electrophoresis result for WLBU2 DNA binding assay. DNA binding assay was utilized to determine the ability of WLBU2 to bind bacterial plasmid DNA (pUC19 plasmid, 2686 base pairs); L: 1 KB DNA ladder (values are in base pairs); C: DNA alone (8.33 ng/µL); from 1 to 8 twofold diluted WLBU2 (200--1.563 µM or 680--5.313 µg/mL) combined with fixed DNA concentration (8.33 ng/µL); Electrophoresis was done at 140 V for 45 mins on 1% agarose; DNA was visualized under a UV transilluminator; no band shifts occurred for lanes 1--8 indicating no binding between WLBU2 and DNA.

Discussion {#S0004}
==========

WLBU2 is one of the newly synthesized cAMPs, that displayed promising activity against Gram-positive and Gram-negative bacterial pathogens, MDR pathogens, and bacterial biofilms.[@CIT0021],[@CIT0022]

The current study utilized MDR clinical isolates of *A. baumannii* and *K. pneumoniae*. The clinical isolates were from a variety of sources, including the urinary tract, blood, synovial fluid, bronchial washings, sputum, and wound material (data not shown). Several ATCC strains were included as controls. The findings of this study may pave the way for alternate therapies for bacterial pathogens that are highly resistant to classical antimicrobial agents and that produce hard to treat biofilm-associated infections.

The clinical isolates and the ATCC strains were first tested for the ability to produce biofilms using the reliable 96-well tissue culture plate method using crystal violet staining. All *A. baumannii* and 88.33% of *K. pneumoniae* clinical isolates, and most ATCC strains demonstrated strong biofilm formation. Only 16.78% of *K. pneumoniae* clinical isolates and one ATCC strain from each species demonstrated moderate biofilm production. Other methods folr evaluation of biofilm formation include the Congo red agar (CRA) method. However, CRA is not a reliable biofilm assay, as it was reported to have little sensitivity, specificity, and accuracy.[@CIT0023],[@CIT0024]

The MIC of WLBU2 was determined against planktonic *A. baumannii* and *K. pneumoniae* clinical isolates and the ATCC strains utilizing a concentration range of 100--1.563 µM or 340--5.313 µg/mL. This range was selected based on previous reports on WLBU2 that indicated MIC values well below 100 µM or 340 µg/mL.[@CIT0011],[@CIT0012]

Mean MIC values for WLBU2 were 7.943 µM (27.006 µg/mL) and 7.484 µM (25.446 µg/mL) for *K. pneumoniae* and *A. baumannii* clinical isolates, respectively. Importantly, all individual MBC and MIC values were identical, indicating that WLBU2 is bactericidal. This is compatible with previous reports indicating that engineered cationic peptides (eCAPs) have fast killing activity on bacterial cells[@CIT0025] For comparison, WLBU2 *s*howed MICs of 1.5--3.2 µM against XDR *A. baumannii*, 2.9--4.7 µM against XDR *K. pneumoniae*, and 9.3 µM against *K. pneumoniae* KP2 strain.[@CIT0012] These results are comparable to the study's findings.

Another study investigated the activity of two eCAPs; WLBU2 and WR12, along with colistin and LL37, against 142 clinical isolates. The clinical isolates were Gram-positive methicillin-resistant *S. aureus*, vancomycin-resistant enterococci, and Gram-negative *Enterobacteriaceae*, including *K. pneumoniae, Enterobacter aerogenes, E. cloacae, E. coli*, and *A. baumannii*. The mean MICs of eCAPs were ≤10 µM against both Gram-negative and Gram-positive bacteria.[@CIT0022]

Amoxicillin-clavulanate and ciprofloxacin were used for MIC testing against MDR *K. pneumonia*e. Tobramycin and imipenem were used for MIC testing against *A. baumannii*. The antimicrobial agents were chosen based on recommendations indicated in the "Performance Standards for Antimicrobial Susceptibility Testing", CLSI-2016, 26th edition. Most of the clinical isolates and ATCC strains were resistant to the antimicrobial agents.

The synergism test between WLBU2 and the four antimicrobial agents against planktonic bacteria was done by adding WLBU2 at its sub-inhibitory MIC for each respective isolate, with antimicrobial agents at different concentrations. Most clinical isolates selected for testing had MICs at the resistance cutoff values. Synergism was observed in several instances. Synergism between AMPs and antimicrobial agents has been described previously. A study from 2014 investigated the activity of four chimeric cationic peptides against 19 MDR *A. baumannii* isolates. The peptides showed MIC values between 3.125 and 12.5 µM against all isolates. The isolates were resistant to all tested antimicrobial agents (ampicillin, cefotaxime, ciprofloxacin, erythromycin, tobramycin, and polymyxin) except polymyxin. The four peptides showed synergy against one or two isolates when combined with cefotaxime, ciprofloxacin, or erythromycin.[@CIT0026]

The ability of WLBU2 to eradicate biofilms was investigated using the MBEC assay, the standard method to evaluate agents' ability to eradicate bacterial biofilms. All *K. pneumoniae* and *A. baumannii* ATCC strains were subjected to the MBEC assay using WLBU2 alone and in combination with antimicrobial agents. Representative clinical isolates in planktonic form that demonstrated synergism between WLBU2 and antimicrobial agents were also utilized for MBEC testing. When tested alone, WLBU2 demonstrated high MBEC values. Hence, we investigated whether combining antimicrobial agents with WLBU2 at 25% MBEC would lead to biofilm eradication. Indeed, the combinations led to biofilm eradication in several instances.

Overall, an increase in WLBU2 MBEC levels was observed compared to planktonic MIC values against *K. pneumoniae and A. baumannii*. Similarly, two- to fourfold higher MBEC levels of WLBU2 were observed for the treatment of *P. aeruginosa* abiotic and biotic biofilms compared to the MIC values against planktonic cells.[@CIT0027] Furthermore, it was reported by others that ciprofloxacin, erythromycin, and tobramycin alone were not able to reduce or inhibit biofilm formation by *A. baumannii*. However, when the agents were combined with chimeric cationic peptides, a reduction in biofilm formation was observed,[@CIT0026] which is similar to what was observed for WLBU2.

A study has indicated that NK-18 (an eCAP) has the ability to not only associate with the bacterial plasma membrane, but also to internalize and target bacteria DNA. The study also reported that another membrane-active AMP, magainin 2, could not bind plasmid DNA even at 128 μg/mL.[@CIT0004] A study of two synthetic short peptides with potent activity against *S. aureus*, namely, RRIKA and RR, demonstrated that both peptides were able to bind plasmid DNA and delay its electrophoretic migration in agarose, especially at higher peptide concentrations.[@CIT0005] The ability of WLBU2 to bind DNA as a potential mechanism for antimicrobial activity has not been previously investigated. WLBU2 at up to the tested 200 µM (680 µg/mL) level was not able to retard DNA mobility. Hence, WLBU2 mediates its activity via mechanisms other than binding of DNA.

MTT assay was used for measuring the viability of Vero cells and human skin fibroblasts. Vero cells (African green monkey kidney epithelial cells) were utilized to assess toxicity should WLBU2 alone or in combination with antimicrobial agents be used in vivo. Human skin fibroblasts were utilized to assess toxicity should WLBU2 alone or in combination with antimicrobial agents be used for topical applications on human skin. The International Organization for Standardization (ISO) guidelines for cytotoxicity testing (ISO 10993--5:2009) state that an agent is cytotoxic if cell viability falls below 70%.[@CIT0028],[@CIT0029] WLBU2 effects on cell viability were tested at a wide range of concentrations. For both cell types, cell viability was reduced to ≤12% at high WLBU2 concentrations; 200--50 µM or 680--170 µg/mL. However, these concentrations corresponded with effective biofilm eradication, suggesting that WLBU2 will lead to considerable cell toxicity if used at MBEC values.

Vero cells and human skin fibroblasts viability percentages were \>70% at WLBU2 concentrations ≤3.125 µM (10.625 µg/mL) and ≤12.500 µM (42.5 µg/mL), respectively. Fortuitously, these values were similar to WLBU2's MIC values against planktonic cells. Hence, WLBU2 could be used at this range to eradicate planktonic cells without significant host cell toxicity.

Since cell viability was decreased at WLBU2 concentrations ≥50 µM (170 µg/mL), and since WLBU2 at sub-MBEC values (ie, \<50 µM or 170 µg/mL) demonstrated synergistic activity in eradicating biofilms of several isolates when combined with antimicrobial agents, we investigated the viability of Vero and human skin fibroblasts when treated with WLBU2 at 25 and 12.500 µM (85and 42.5 µg/mL) combined with antimicrobial agents at different concentrations. Surprisingly, a significant decrease in cell viability was observed for all tested combinations. For comparison, a study of WLBU2's potential toxicity on J774 macrophages demonstrated reduced viability at 3--100 µM for 1 hr, with 50% of the cells being lost at a concentration of 25 μM.[@CIT0011]

Despite the loss of cell viability when WLBU2 was combined with the antimicrobial agents, combination results showed excellent and substantial synergistic effect on some bacterial isolates and ATCC strains. This suggests that the combination could be useful for in vitro disinfection of planktonic bacteria and associated-biofilms, rather than in vivo application.

A study on eCAPs indicated that, WLBU2 had no cytotoxicity at concentration of ≤20 µM for 6 hrs, using both hemolytic assay and MTT assay against peripheral blood mononuclear cells (PBMCs). The study also investigated antibacterial activity under acidic conditions for several eCAPs. WLBU2 displayed no significant difference in activity at acidic pH compared with neural pH against *P. aeruginosa* and MRAS.[@CIT0012] The viability results of WLBU2 against human skin fibroblasts in the current study are consistent with those reported on PBMCs, although in our protocol the exposure duration was 24 hrs instead of the 6 hrs used for PBMCs, which likely leads to an overestimation of potential toxicity.

The reasonably good selective toxicity of WLBU2 against bacteria coupled with low toxicity against eukaryotic cells may be explained by eCAPs' ability to form weak hydrophobic interactions with eukaryotic membranes due to the presence of cholesterol, and the formation of strong electrostatic interactions with the negatively charged bacterial membranes.[@CIT0030]

Conclusion {#S0005}
==========

The MIC values of WLBU2 ranged from 12.500 to 3.125 µM (42.5to 10.625 µg/mL) against the clinical isolates and ATCC strains. High WLBU2 concentrations were needed to eradicate bacterial biofilms. However, at these concentrations, viability of Vero cells and human skin fibroblasts was reduced to \<50%. In contrast, at MIC values for planktonic cells, acceptable viability was observed (≥70%).

The combinations between WLBU2 sub-inhibitory concentrations and antimicrobial agents demonstrated synergism in several instances, suggesting the ability of using WLBU2 at lower MBEC levels to eradicate biofilms upon combination with antimicrobial agents. Nonetheless, eukaryotic cell toxicity of WLBU2 combined with antimicrobial agents was excessively high, potentially limiting future in vivo applications. Finally, WLBU2 did not demonstrate the ability to bind bacterial DNA.

Additional assays and cell types should be utilized to investigate potential cytotoxicity by WLBU2.

Based on the WLBU2's potent killing activity of MDR *A. baumannii* and *K. pneumoniae*, in vivo animal studies of WLBU2 pharmacokinetics and potential utility to treat bacterial infections, including those by intracellular bacteria might be useful. Similar investigations could be carried out for Gram-positive bacteria. The anti-bacterial mechanisms of WLBU2 alone and combined with antimicrobial agents should be elucidated, for instance, the assessment of transmembrane pores formation by scanning electron microscopy, and effects on bacterial metabolism. The potential synergism between WLBU2 and other cationic-short AMPs is still unknown and could be the topic for future investigations. The observed high eukaryotic toxicity between WLBU2 and the antimicrobial agents even at low concentrations merit future investigations, especially as potential agents in the treatment of human tumors.
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[^1]: **Abbreviation:** ATCC, American Type Culture Collection.

[^2]: **Notes:** All OD values were measured at 575 nm; ODc, average OD of negative control +3x standard deviation of the negative controls.[@CIT0018]

    **Abbreviation:** ODc, optical density cutoff value.

[^3]: **Note:** MICs indicated represent values for each respective clinical isolate or control strain.

    **Abbreviations**: ID\#, identification number; MIC, minimum inhibitory concentration; MBC, minimum bactericidal concentration.

[^4]: **Note:** MICs indicated represent values for each respective clinical isolate or control strain.

    **Abbreviations:** ID\#, identification number; MIC, minimum inhibitory concentration.

[^5]: **Note:** Concentration of WLBU2 used for synergism test corresponded with 25% of MIC values for each respective clinical isolate or control strain.

    **Abbreviations:** ID\#, identification number; MIC, minimum inhibitory concentration.

[^6]: **Note:** Concentration of WLBU2 used for synergism test corresponded with 25% of MBEC values for each respective clinical isolate or control strain.

    **Abbreviations:** ID\#, identification number; MBEC, minimum biofilm eradication concentration.
